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A spectrophotometric study concerning the interaction between A15C5 as n-donor and TCNE, DDQ,
TCNQ and bromanil as π-acceptor was been performed in chloroform at 25 ◦ C. The results of TCNE
indicate the formation of a 1:1 charge-transfer complex through a nonequilibrium reaction. In the case
of DDQ, the formation of 1:2 (A15C5/DDQ) and 1:1 charge-transfer complexes through equilibrium and
nonequilibrium reactions is confirmed. The formation constant of the equilibrium step was evaluated from
the computer fitting of the absorbance-mole ratio data as logKf = 5.14 ± 0.09. The [A15C5+ (DDQ)−
2 ]
and [A15C5+ DDQ− ] are suggested as the possible 1:2 and 1:1 adducts, respectively. The results of
TCNQ are indicative of the gradual formation of two 1:1 equilibrium products. The [A15C5+ TCNQ−]
and 7-A15C5-7,8,8-tricyanoquinodimethane are assigned to these adducts and the rate constant and
sum of their formation constants are measured. In the case of bromanil, the conversion to a chargetransfer complex through a nonequilibrium reaction is observed. The rate constant of this reaction was
determined. Finally, all of the resulting complexes were isolated in crystalline form and the effect of
complex formation on IR spectra is discussed.
Key Words: Spectrophotometry, Azacrown ethers, TCNQ, DDQ, Bromanil, TCNE.

Introduction
Macrocyclic crown ethers, widely referred to as crown ethers, exhibit many interesting properties. The
presence of cavities in these ethers, provided by the cyclic disposition of oxygen, confers unique ligational
properties1−5 . During the past 2 decades interest has increased in the molecular complexes of crown
ethers. Interest in this area is strongly stimulated by the possibility of applications in separation processes;
preparation of ion-selective electrodes; conversion of chemical reactions into optical or electronic signals;
the mimicking of enzymes in their capability to bind substances rapidly, selectively and reversibly; and
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catalyzing of chemical reactions6 . Thermodynamic and kinetic data for macrocycle interaction with neutral
molecules were published by Izatt et al. in 19926 . Upon reviewing the work compiled in Izatt’s review, only
a few reports on the interaction of crown ethers with π–acceptors are observed7−9 . The data are limited
to benzocrown ethers7−9 and no information about nitrogen− containing crown ethers is seen. Since then,
several studies have been conducted by Shamsipur and co-workers10−12 . However, these reports are not
efficient and the lack of data is felt clearly. In addition, there is an important need for one or more standard
reactions to be studied in multiple laboratories. This has been done for metal-macrocycle interactions13,14
but not for molecule-macrocycle ones. Thus more research in this field is needed.
We are currently involved in the study of molecular complexes of crown ethers15−22 . In this paper
we report the results of our study on the interaction between A15C5 and π-acceptors, TCNE, DDQ, TCNQ
and bromanil in chloroform solution.

Experimental
Aza-15-crown-5 (A15C5, Fluka) was recrystallized from reagent grade n-hexane and dried under vacuum
over P2 O5 . The π-acceptors, from Merck, were used without any further purification except for vacuum
drying over P2 O5 . The structures of azacrown ether and the π-acceptors are shown in Figure 1.
All UV-Vis spectra were recorded on a Perkin Elmer Lambda 2 spectrophotometer and the absorbance
measurements were obtained with a Philips PU875 spectrophotometer at 25 ± 1 ◦ C. Conductance measurements were carried out with a Metrohm 660 conductivity meter in a thermostated cell at 25 ± 1 ◦ C.
In order to obtain UV-Vis spectra of the π-acceptors, upon the addition of A15C5, 3 mL of each
π-acceptor solution was transferred to a 1-cm quartz cell and the spectra were recorded after direct addition
of appropriate amounts of A15C5. A similar procedure was followed for monitoring the absorbance at fixed
wavelength. In each case, additions were performed with a 100-µL Hamilton syringe.
In order to prepare the charge-transfer complexes of π–acceptors with A15C5 in crystalline form, 5
mL solutions containing equimolar amounts of π–acceptors and A15C5 were prepared in chloroform. The
resulting solutions were then filtered and transferred into crystallization dishes. The solution was allowed
to evaporate for about 20 h. The resulting solid crystals were collected and dried under vacuum for 12 h.
The dried crystals were used for obtaining IR spectra and melting point measurements. IR spectra were
recorded on a Shimadzu IR-470 spectrophotometer using KBr pellets. A Gallenhamp apparatus measured
the melting points.

Results and Discussion
A. TCNE: The absorption spectra of 8.33 × 10−3 M TCNE in the presence of varying concentrations of
A15C5 are shown in Figure 2. As can be seen, in the presence of A15C5 a new band appears in the 350-450
nm region. None of the initial reactants show any measurable absorption in this region. Therefore, the
observation of this band can be assigned to the formation of charge transfer complex between A15C5 and
TCNE23 . A15C5 and TCNE in this complex behave as n-donor and π-acceptor, respectively24 . Since no
isosbestic point is observed, a noneqilibrium pathway is followed25.
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Figure 1. Structure of azacrown ether and π-acceptors.
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Figure 2. Absorption spectra of 8.33 × 10−3 M TCNE in the presence of varying concentrations of A15C5. The
A15C5/TCNE mole ratios are: 1; 0.15, 2; 0.30, 3; 0.47, 4; 0.65 and 5, 0.94.
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Figure 3. Plot of absorbance vs. A15C5/TCNE mole ratios in chloroform solution obtained at 432 nm.

In order to obtain the stoichiometry of the resulting complex, the absorbance-mole ratio method26
was followed. The corresponding plot is shown in Figure 3. The plot clearly indicates the formation of a 1:1
complex.
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Figure 4. Absorption spectra of 3.17 × 10−4 M DDQ in the presence of varying concentrations of A15C5. The
A15C5/DDQ mole ratios are: A; 0.0, B; 0.19, C; 0.37, D; 0.50, E; 0.754, F; 0.93, G; 1.12, H; 1.30, I; 1.50.

B. DDQ: Figure 4A shows the absorption spectrum of 3.17 × 10−4 M DDQ in the absence of A15C5.
Figures 4B-4D show the absorption spectra of DDQ in the presence of 5.90 × 10−5 , 1.18 × 10−4 and 1.59
× 10−3 M A15C5 (the corresponding A15C5/DDQ mole ratios are 0.19, 0.37 and 0.50, respectively). The
appearance of new bands in the 300-600 nm region, along with the observation of an isosbestic point at 358
nm, is indicative of an equilibrium charge transfer interaction between DDQ and A15C525 .
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It should be noted that at A15C5/DDQ mole ratios more than 0.5 (Figures 4E-4G), the isosbestic
point is broken. This means that at mole ratios more than 0.5 a nonequilibrium reaction will follow.
According to the previous 2 paragraphs, the following equations are suggested for the interaction of
A15C5 and DDQ at various A15C5/DDQ mole ratios.
A15C5 + 2DDQ

+
−
−
−
→
←
−−
−−
−
− A15C5 (DDQ)2

(1)

+
−
A15C5+ (DDQ)−
2 + A15C5 −−−−→ 2A15C5 DDQ

(2)

These equations are confirmed by the frequent formation of DDQ radical anion with various donors27−30
and the formation of similar dimers of some other π-acceptors31 .
Figure 5 shows the plots of absorbance vs. A15C5/DDQ mole ratio obtained at 500 and 350 nm.
Both plots show a break at A15C5/DDQ = 0.5 and further confirm the suggested mechanism (Eqs. 1 and
2).
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Figure 5. Plots of absorbance vs. A15C5/DDQ mole ratios in chloroform solution obtained at 500 and 350 nm.

For evaluation of the formation constants of the resulting 1:2 A15C5:DDQ complex (Eq. 1), Kf , from
the absorbance-mole ratio data, the nonlinear least-squares curve fitting program KINFIT was used32 . The
program is based on the iterative adjustment of calculated to observed absorbance values by using either
the Wentworth matrix technique33 or the Powell procedure34 . Adjustable parameters are Kf and ε, where ε
is the molar absorption coefficient of the complex.
Equation 3 gives the observed absorbance of the complex at 500 nm. The mass balance equations can
be written as Eqs. 4 and 5, and the formation constant of the complex as in Eq. 6.
Aobs = ε[A15C5+ (DDQ)2 − ]

(3)

CDDQ = [DDQ] + 2[A15C5+(DDQ)2 − ]

(4)

CA15C5 = [A15C5] + [A15C5+(DDQ)2 − ]

(5)
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2
Kf = [A15C5+ (DDQ)−
2 ]/[A15C5][DDQ]

(6)

Substitution of Eqs. 4 and 5 into 6 and rearrangement yields Eq. 7.

2
+
−
(2Kf − 1)[A15C5+(DDQ)−
2 ] − Kf (CDDQ + 2CA15C5)[A15C5 (DDQ)2 ] + Kf CDDQ CA15C5 = 0 (7)

The complex concentrations, [A15C5+ (DDQ)−
2 ], were calculated from Eq. 7 by means of a NewtonRaphson procedure. Once the value of [A15C5+(DDQ)−
2 ] had been obtained, the concentrations of all other
species involved were calculated from the corresponding mass balance equations by using the estimated value
of Kf at the current iteration step of the program. Refinement of the parameters was continued until the sumof-squares of the residuals between calculated and observed absorbance values for all experimental points was
minimized. The output of the program KINFIT comprises the refined parameters, the sum of squares and the
standard deviation of the data. Figure 6 shows the resulting computer fit of the absorbance mole ratio data.
The data are due to A15C5/DDQ mole ratios in the range of 0-0.5. As seen, the fair agreement between the
calculated and observed absorbances further supports the existence of a 1:2 complexation between A15C5
and DDQ in chloroform solution. The logKf value obtained by this procedure is 5.14 ± 0.09.
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Figure 6. Computer fit of absorbance vs. A15C5/DDQ mole ratios 500 nm, (×) experimental and (O) calculated
points.

C. TCNQ: Figure 7A shows the absorption spectrum of 2.61 × 10−3 M TCNQ in the absence of
A15C5. The other spectra have been recorded in the presence of a 4.85 × 10−3 M A15C5 and in time periods
of 5 min. As can be seen, over time the intensity of TCNQ band decreases gradually and simultaneously 2
new bands appear in the 300-375 nm and 450-650 nm regions. The existence of 2 isosbestic points at 340 nm
and 440 nm is also detected. Such observations are indicative of the formation of 2 different charge transfer
complexes through an equilibrium reaction35 .
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Figure 7. Absorption spectra of 2.61 × 10−3 M TCNQ (A) and 2.61 × 10−3 M TCNQ in the presence of 4.85 ×
10−3 M A15C5 in time intervals of 5 min (B-G).

−
→
T CN Q + A15C5 −
←
−−
−−
−
− P 1(300 − 375nm)

(8)

−
→
T CN Q + A15C5 −
←
−−
−−
−
− P 2(450 − 650nm)

(9)

The reaction of TCNQ with the cyclic secondary amine pyrrolidine (Figure 8A) gives a product35 .
The resulting adduct is assigned the structure 7-pyrrolidino-7,8,8-tricyanoquinodimethane (Figure 8B) on the
basis of a spectroscopic investigation and elemental analysis36 . On the other hand, the formation of TCNQ.−
radical anions has been recorded frequently37−39 . Based on these observations it can be concluded that the
2 new bands are due to TCNQ.− radical anion (300-375 nm) and 7-A15C5-7,8,8- tricyanoquinodimethane
(Figure 8C, 450-650 nm region). The similar behavior of some other azacrown ethers supports this idea15 .
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Figure 8. The structures of pyrrolidine (A), 7-pyrrolidine-7,8,8-tricyanoquinodimethane (B) and 7-A15C5-7,8,8tricyanoquinodimethane (C).
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The kinetics of the conversion of TCNQ to the corresponding products were followed by monitoring
the absorbance as a function of time at 400 nm. The absorbance changes were found to be in accord with
first order kinetics. The rate constant obtained from the slope of the Ln At /Ao vs. t (Figure 9) is k = 0.08
min−1 .
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Figure 9. Plot of Ln(At /Ao ) vs. time at 400 nm for 2.61 × 10−3 M TCNQ and 4.85 × 10−3 M A15C5 mixture.

The formation constants of TCNQ complexation can be written as follows:
K1 = [P 1]/[T CN Q][A15C5]

(10)

K2 = [P 2]/[T CN Q][A15C5]

(11)

The sum of the above equations is equal to:
K1 + K2 = ([P 1] + [P 2])/[T CN Q][A15C5]

(12)

The mass balance equations for TCNQ and A15C5 are:
[T CN Q]o = [T CN Q] + [P 1] + [P 2]

(13)

[A15C5]o = [A15C5] + [P 1] + [P 2]

(14)

The concentration of TCNQ at each time can be determined by following the corresponding absorbance
at 400 nm.
[T CN Q] = [T CN Q]o(A/Ao )

(15)

where A and Ao are the absorbance of solution at 400 nm at each time and at the start of the of reaction,
respectively. According to Eqs. 13 and 14, if the initial concentrations of A15C5 and TCNQ are the same,
the concentrations at each time will also be equal. Under these conditions, the substitution of Eqs. 13, 14
and 15 in Eq. 12 yields:
K1 + K2 = (1 − (A/Ao r))/[T CN Q]o(A/Ao )2
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By measurement of absorbances at various time intervals, the value of log(K1+K2)=4.19 ± 0.11 was
obtained. This value indicates that K1, K2 or both are high, confirmed by the relative increasing of bands
due to P1 and P2 adducts.
D. Bromanil: The absorption spectrum of 1.26 × 10−3 M bromanil is shown in Figure 10A. Figures
10B-10G are the spectra of bromanil in the presence of 4.55 × 10−3 M A15C5, which have been recorded at
5 min intervals. The appearance of a new band in the 450-650 nm region is indicative of the formation of a
charge transfer product23 . The absence of an isosbestic point indicates that the product is formed through
a nonequilibrium reaction25 .
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Figure 10. Absorption spectra of 1.26 × 10−3 M bromanil (A) and 1.26 × 10−3 M TBrBQ in the presence of 4.55
× 10−3 M A15C5 in time intervals of 5 min (B-J).

On the other hand, besides the formation of a charge transfer absorption band, an increase in the
intensity of the bromanil band at 400 nm and a blue shift are also observed (Figure 10). This may be a direct
result of the partial transfer of an electron to an antibonding orbital in the acceptor, which would increase
the effective size of the acceptor so that the excitation energy is increased40 . The increasing effective size
will result in a higher intensity absorption cross section being observed41 .
The rate constant of the formation of the charge transfer product between A15C5 and bromanil was
calculated by the Guggenheim method42 using the relationship Ln (A∞ -At ) = -k (t-to ) – Ln (A∞ -Ao ),
where At and A∞ are the absorbances of the 515 nm band at time t and infinite time, respectively. The
rate constant obtained from the corresponding plot (Figure 11) is 0.04 min−1 .
E. IR spectra: The melting points and the IR spectral data of all π-acceptors, the 1:1 charge
transfer complexes and A15C5 are presented in Table 1. As can be seen, the CN stretching of TCNE and
CO stretching of DDQ show a drastic shift to lower and higher frequencies, respectively, upon molecular
complex formation with A15C5. These shifts are indicative of a higher charge density on the cyano and a
lower charge density on the carbonyl groups of the π-acceptors TCNE and DDQ charge transfer complexes,
respectively. However, the methylene stretching of the ethoxy groups of A15C5 observed in the 2980-2810
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cm−1 region did not show any considerable shift upon complex formation. This is probably due to the
negligible contribution of the ethoxy groups in the interaction with π-acceptors43 .
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Figure 11. Plot of Ln((A∞ -At)/(A∞ -Ao )) vs. t at 550 nm for a 1.26 × 10−3 M bromanil and 4.55 × 10−3 M A15C5
mixture.
Table 1. Melting points and IR spectral data of π-acceptors, A15C5 and charge transfer adducts.

Compound
TCNE
DDQ
TCNQ
Bromanil
A15C5
TCNE-A15C5
DDQ-A15C5
TCNQ-A15C5
Bromanil-A15C5

Melting point
(◦ C)
197
213
288
297
37.5
53
384
309
81

Wavenumber (cm−1 )
CN
CO
NH
2228
2236
1675
2200
1673
3350
2119
3365
2230
1710 3371
2210, 2228, 2241
3389
1683 3357

It is interesting to note that upon complexation of TCNQ, in the CN stretching region 3 bands are
observed. These bands can be attributed to the CN of TCNQ radical anion (2210 cm−1 ) and 2 kinds of CN
in 7-A15C5-7,8,8-tricyanoquinodimethane (Figure 8C).
On the other hand, the NH stretching band of A15C5 shifted to higher frequencies in all complexes.
This is reasonable based on the increasing polarity of the NH band during complexation.
Similar to DDQ, the CO stretching band of bromanil shifted to higher frequencies. However, the shift
is much less thanthat of DDQ, which indicates a weaker interaction of A15C5-bromanil than of A15C5-DDQ.
Finally, a comparison of the melting points is indicative of a large increase in melting point for A15C5DDQ and A15C5-TCNQ relative to the others, which is a result of the formation of ionic crystals in DDQ
and TCNQ complexes.
F. Conductivity measurements: The conductance of various π-acceptors in the presence of A15C5
was measured for all cases but only small increases were observed. The small increase in conductance during
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complexation shows that the charge transfer complexes are mainly ion pair and there is a little free ion in
solution.

Conclusion
1. The complexes of all the π-acceptors studied show a charge transfer absorption band.
2. All of the complexes are mostly in the form of an ion pair.
3. TCNE and bromanil have nonequilibrium reactions, while DDQ and TCNQ have equilibrium
reactions.
4. Because of the higher curvature of the absorbance-mole ratio of TCNE (Figure 3), relative to DDQ
(Figure 5), complexes of the former are stronger than those of the latter.
5. The interaction of TCNQ and A15C5 causes the formation of 2 stable adducts.
6. Among the π-acceptors studied bromanil forms the weakest complex and only partial charge
transfer from donor to acceptor occurs. This can be attributed to the lower electron withdrawing strength
of bromanil relative to substituents in TCNE, DDQ and TCNQ.
7. The significant changes in NH IR bands indicate that in all cases the donation is due to nitrogen
and the oxygen atoms of A15C5 do not take part in complexation.
8. The melting points are indicative of the formation of ionic crystals by DDQ and TCNQ and
nonionic crystals by TCNE and bromanil.
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